Theoretical analysis indicates that the reflection of obliquely incident light with arbitrary polarization state in the mid-wavelength (3-8 µm) and long-wavelength (8-15 µm) infrared regimes by a lossy, isotropic, dielectric slab backed by a perfect electric conductor can be electrically controlled by covering the dielectric slab by an epitaxial layer of cubic noncentrosymmetric materials which are normally isotropic dielectric but display the Pockels effect. The reflectances change on the application of a dc electric field parallel to thickness direction of the Pockels cover, without causing depolarization.
I. INTRODUCTION
The Pockels effect is a linear electro-optic effect whereby the passage of light in a noncentrosymmetric dielectric material is affected by the application of a dc electric field. The material can be isotropic, uniaxial, or biaxial in the absence of the dc electric field, but it definitely is anisotropic when that electric field is applied; see Chap. 11 of Boyd 1 . Accordingly, the transmission of light through a material exhibiting Pockels effect is affected by a dc electric field that is usually applied in electro-optic modulators either parallel or orthogonal to the direction of propagation of light 2 . The aim is to electrically modulate the phase, amplitude, polarization state, and even the frequency of light during its passage inside the electro-optic modulator.
In contrast, the theoretical research reported here is focused on the application of the Pockels effect for switchable control of the reflection of light from a lossy, isotropic, dielectric slab backed by a perfect electric conductor (PEC). Control of infrared reflection is useful in interferometry 3, 4 , holography 5, 6 , and reflectography 7 . Many metals can substitute for the the perfect electric conductor, and the dielectric slab can be covered by an isotropic but noncentrosymmetric material such as cadmium telluride (CdTe), cadmium sulfide (CdS) gallium arsenide (GaAs), and zinc telluride (ZnTe). These four materials are known to display the Pockels effect in the mid-wavelength (3-8 µm) and long-wavelength (8-15 µm) infrared regimes [8] [9] [10] , with CdTe having the highest electro-optic coefficient of all four.
Our work on the Pockels cover is an offshoot of two previous papers 11, 12 wherein it has been demonstrated that specific operational characteristics of a planar device can be modified by covering it with an epitaxial layer of a suitable isotropic dielectric-magnetic metamaterial. The main differences are that the Pockels cover functions as an anisotropic dielectric material when subjected to a dc electric field, and that it can be realized by commercially available materials such as CdTe.
The plan of this paper is as follows. Section II provides details of the formulation and solution of the boundary-value problem of the reflection of an obliquely incident plane wave with arbitrary polarization state by a lossy, isotropic, dielectric slab covered by a CdTe layer and backed by a perfect electric conductor. Section III presents sample numerical results from a parametric study to show that the reflectances can be controlled by the application of a dc electric field that is parallel to the thickness direction, without alteration of either the dielectric slab or the conductor backing it. Our chief conclusions are summarized in Sec. IV.
An exp(+iωt) time-dependence is assumed and suppressed throughout the subsequent analysis, with ω as the angular frequency, t as time, and i = √ −1. The permittivity and permeability of free space are denoted by ε 0 and µ 0 , respectively. Vectors are in boldface, dyadics 13 are double-underlined, column vectors are in boldface and enclosed in brackets, matrixes are double-underlined and enclosed in brackets, and a Cartesian coordinate system is used withx,ŷ, andẑ as unit vectors. Figure 1 is a schematic of the boundary-value problem under consideration. The half space z < 0 is occupied by a perfect electric conductor, the region 0 < z < w by a lossy dielectric material with complex relative permittivity ε ℓ , the region w < z < w + h by CdTe, and the half space z > w + h by air with unit relative permittivity. All mediums are non-magnetic. In the CdTe layer, an external dc electric field E dc =ẑE dc is applied. Cadmium telluride has a zincblende (cubic) crystalline structure. As the applied dc electric field is parallel to the z axis, the relative permittivity dyadic ε pc of the CdTe layer may be stated as
II. BOUNDARY-VALUE PROBLEM
where
with n pc = 2.6 being the refractive index of CdTe when E dc = 0, and r pc = 6.8 × 10 −12 m V −1 the electro-optic coefficient of CdTe measured at λ 0 ∈ {3.39, 10.6} µm 9 . Thus, CdTe is orthorhombic when E dc = 0. Bulk CdTe crystals with high resistivity (> 10
9 Ω cm) have been successfully used in intracavity electro-optic modulators for Q-switched CO 2 lasers at 10.2 µm wavelength 15 . Parenthetically, several other II-VI and III-V materials are also candidates exhibiting a high figure of merit n 3 pc r pc along with low optical absorption, their semiconducting properties being attractive for integration with electronic devices and systems 16 .
A. Incident and reflected plane waves
Arbitrarily polarized light impinges on the Pockels cover from the half space z > w + h, with the wave vector forming an angle θ ∈ [0 • , 90 • ) with the z axis and the projection of the wave vector in the xy plane oriented at an angle ϕ ∈ [0 • , 360
• ) with respect to the x axis. The incident electric and magnetic field phasors are expressed as
and
respectively, where a TE and a TM are the amplitudes of the TE-and TM-polarized components, respectively, of the incident plane wave, k 0 = 2π/λ 0 = ω √ ε 0 µ 0 denotes the free-space wavenumber with λ 0 being the free-space wavelength, and η 0 = µ 0 /ε 0 is the intrinsic impedance of free space.
The reflected electric and magnetic field phasors in the same half space are expressed as
respectively, where b TE and b TM , respectively, are the amplitudes of the TE-and TM-polarized components of the reflected plane wave.
B. Fields in the lossy dielectric slab
The electric and magnetic field phasors inside the lossy dielectric slab are given by
where A ℓ and B ℓ are unknown coefficients, while q ℓ = ε ℓ − sin 2 θ. These expressions satisfy the boundary conditionsẑ × E ℓ (x, y, 0 + ) = 0 on the interface of the slab and the perfect electric conductor.
C. Fields inside the Pockels cover
Field representation inside the Pockels cover (i.e., for w < z < w + h) is complicated because ε pc has three distinct eigenvalues, in general. Therefore, we substitute the representation
into the applicable frequency-domain Faraday and Ampére-Maxwell equations. As a result, we get
for the components ofẽ(z) andh(z) parallel to the thickness direction. We also get the matrix ordinary differential equation
where the column vector
and the matrix
The solution of Eq. (11) is
D. Solution for reflection coefficients
Let us note that [f (z)] is a continuous function of z ∈ (−∞, ∞)
18 . Accordingly, [f (w + h)] can be synthesized from Eqs. (3)- (6) , and [f (w)] from Eqs. (7) and (8) , thereby enforcing the standard boundary conditions across the planes z = w and z = w + h. Equation (14) can then be written explicitly as
wherein a TE and a TM are presumed to be known, while b TE , b TM , A ℓ , and B ℓ are unknown. The reflection coefficients r pq , p ∈ {TE, TM} and q ∈ {TE, TM}, defined via
can then be found by solving Eq. (15) using standard algebraic techniques. 19 Reflectances R TETE = |r TETE | 2 , etc., may then be calculated.
III. NUMERICAL RESULTS AND DISCUSSION

Equation (15) was solved using Matlab
TM version R2012b and a parametric study was undertaken to study the dependencies of the reflectances on w, ε ℓ , θ, ϕ, and E dc , while keeping λ 0 = 6 µm and h = 1 cm fixed. The chosen wavelength lies roughly in the middle of the regime over which CdTe is useful for electrooptic modulation 9 . The Pockels cover was made electrically thick, as is typically the case in electro-optic modulators 2 , in order to accumulate a large phase difference between the two eigenstates of light inside the Pockels cover, the anisotropy in ε pc being very small unless E dc is very large.
We varied the magnitude E dc of the dc electric field in the range 0≤E dc ≤ 10 6 V m −1 in order to clearly elucidate the consequences of the Pockels effect on the reflection of TE or TM polarized light. To put this range in perspective, let us note that ∼ 3 × 10
dc electric field is routinely applied in CdTe electrooptic modulators 10 and the breakdown field for CdTe is 10
20 With a recovery time not exceeding 1 µs 20 , pulsed operation can also be envisaged. The relative permittivity ε ℓ of the lossy dielectric slab to be covered was selected with a moderate and positive real part with a typical value equal to 3. The dielectric loss, expressed via Im (ε ℓ ) < 0, was taken to be smaller in magnitude than Re (ε ℓ ) > 0; a typical value for Im (ε ℓ ) considered here was −0.25. As examples, composite materials containing steel inclusions should exhibit such losses 21 because of high absorption in steels 22 . For all data presented here, the cross-polarized reflectances R TETM and R TMTE are orders of magnitude smaller than the co-polarized reflectances R TETE and R TMTM . Thus, the Pockels cover does not lead to depolarization, mostly because α ≪ χ over the selected range of E dc .
Figures 2(a) and 2(b), respectively, present contour plots of R TETE and R TMTM as functions of the external dc field E dc and the thickness w of the lossy dielectric slab, when ε ℓ = 3 − 0.25i, θ = 30
• , and ϕ = 45
• . Both copolarized reflectances tend to unity as the lossy dielectric slabs becomes thinner (i.e., w → 0), as expected. More importantly, varying from nearly zero to almost unity, both R TETE and R TMTM are highly dependent on both E dc and w in Fig. 2 . For a specific choice of w and polarization state of the incident light, the reflectance can be either enhanced or reduced by impressing a sufficiently strong dc electric field in the Pockels cover.
In Figs. 2 , we observe the sequence of periodic areas of high reflections as a function of slab thickness w for any fixed E dc provided that w is not too large; more precisely when w ≤ 15µm. This effect is related to internal resonances in the slab. To illustrate this, we depict in Figs. 3(a) and 3(b) the plots of R TETE and R TMTM as functions of w, for E dc = 0.1kV /m and E dc = 500kV /m and the same remaining parameters with Figs. 2. Indeed, the resonances show up for sufficiently small w and be- • .
gin to fade off after a certain slab's thickness. Also, it is worth noting that R TETE is larger for small E dc while the reverse situation holds for R TMTM which is larger for large E dc . Discussions on the origin and variations of resonances of similar type are discussed in 23 corresponding to scattering by an isotropic dielectric slab structure due to a different incident field from the one considered here.
Contour plots of R TETE and R TMTM are, respectively, presented in Figs. 4(a) and 4 
• , when ε ℓ = 3 − 0.25i, and w = 500 µm. In Fig. 4(a) , R TETE attains a maximum for ϕ = 135
• ; furthermore, it possesses local minimums at ϕ = 15
• and 75
• . Likewise, in Fig. 4 (b) R TMTM attains a maximum for ϕ = 45
• , and has local minimums at ϕ = 90
• and 170
• . Contour plots of both copolarized reflectances are presented in Fig. 5 versus E dc and θ ∈ [25
• , when ε ℓ = 3 − 0.25i, and w = 500 µm. Both R TETE and R TMTM are rapidly varying functions of θ, mainly due to the large electrical thickness of the Pockels cover. Still, there exists a narrow range of θ centered at approximately 30
• where R TETE can vary from 0.04 to 0.36 and R TMTM from 0.09 to 0.49, as E dc varies over the 0 to 10 6 V m −1 range. Contour plots of R TETE and R TMTM as functions of E dc and Re (ε ℓ ) ∈ [1, 5] are provided in Fig. 6 , for w = 500 µm, θ = 30
• , ϕ = 45
• , and Im (ε ℓ ) = −0.25. Analogous plots of both copolarized reflectances as functions of E dc and Im (ε ℓ ) ∈ [−1.5, 0] are presented in Fig. 7 for Re (ε ℓ ) = 3 and the same values of w, θ, and ϕ as in Fig. 6 . From both figures, we take note of the substantial controllability of R TETE and R TMTM by changing E dc for large ranges of the real and imaginary parts of the relative permittivity of the lossy dielectric slab.
IV. CONCLUDING REMARKS
Although the Pockels effect is commonly used to electrically control the transmission of light 2 , we have theoretically shown here that the same effect can be used to control the reflection of obliquely incident light of arbitrary polarization state by a lossy, isotropic, dielec- tric slab backed by a perfect electric conductor. For that purpose, and with application intended for the midwavelength (3-8 µm) and long-wavelength (8-15 µm) infrared regimes, the dielectric slab was taken to be covered by a layer of cadmium telluride. This material is isotropic when not subjected to a dc electric field, but becomes orthorhombic when a dc electric field is applied to it.
After formulating the relevant boundary-value problem, we determined analytically that the cross-polarized reflectances are negligibly small, while the copolarized reflectances can be controlled by the application of a dc electric field to the CdTe layer. The control is switchable because the dc electric field can be turned on and off rapidly, the recovery time of CdTe not exceeding 1 µs.
Our results suggest that other materials that display the Pockels effect can also be used in a similar fashion. Of course, materials with high electro-optic coefficients and short recovery times will be desirable, and the optimal orientation of the dc electric field shall have to be determined. • , and Re (ε ℓ ) = 3.
